A mutant of Bacillus subtilis 6160 that had been isolated by its hyperproduction of a-amylase and protease lacked flagella and motility, and its content of autolytic enzyme(s) was reduced to one-third to one-fourth that of the parent. These phenotypic differences were completely co-transferred by the deoxyribonucleic acid (DNA) of the mutant when five DNA recipient strains of B. subtilis were transformed. The revertants, isolated by motility with a frequency of approximately 10-f, recovered a normal level of autolytic activity and showed reduced productivity of a-amylase and protease. This point mutation allowed normal flagellin synthesis, spore formation, and rate of growth. The comparison of cell envelope of the mutant with that of the parent indicated that there was no significant difference except loss of flagella. Therefore the association at the cell surface of a group of extracellular proteins consisting at least of a-amylase, proteases, flagellin, and autolytic enzyme(s) seem to be coordinately regulated by the gene or seem to be affected coordinately by certain undetected alterations of the cell envelope.
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Bacillus subtilis produces a variety of extracellular enzymes. For control of the production of extracellular a-amylase in B. subtilis, at least two kinds of genetic characters (amyR and pap) were revealed by Yamaguchi et al. (27, 28) , Yuki (33) , Yoneda et al. (29, 30) , and Sekiguchi et al. (21) . amyR regulated specifically the production of a-amylase, whereas pap affected the production of a-amylase and proteases, but not ribonuclease, simultaneously. B. subtilis YN9, one of the mutants isolated from a transformable strain of B. subtilis by N-methyl-N'-nitro-N-nitrosoguanidine treatment, carries a pap mutation and simultaneously produced elevated amounts of a-amylase, alkaline protease, and neutral protease. However, the extent of the elevation was different for each enzyme. Furthermore, the mutant lost its transformability and was different in its cell shape, and the protein component of the membrane preparation was different from that of the parental strain (29) . Young (32) and Tomasz and Spizizen (22) reported that the transformability and cell shape of B. subtilis and Pneumococcus were closely related to their autolytic activities.
The production of extracellular enzymes seems to vary with alterations not only in environmental conditions but also in the structure and function of the cell envelope (8) . Since the autolytic enzyme(s) is responsible for many functions such as the morphogenesis of the cell (5) and the turnover of the cell wall (16) , it is quite plausible that the enzyme(s) affects the production of the extracellular enzymes.
In this paper we show that the content of the autolytic enzyme(s) in the mutant YN9 is one-third to one-fourth that in the parent 6160.
Furthermore, the mutant YN9 lacks flagella and motility, whereas the chemical nature of its cell envelope was similar to that of the parent 6160. The correlation among the clear and significant differences, i.e., the hyperproduction of extracellular enzymes, the decreased content of the autolytic enzyme(s), and the loss of flagellation, all of which seemed to be caused by a single point mutation, will be discussed. The mutant B. subtilis YN9, which exhibited hyperproductivity of a-amylase and proteases, was obtained from B. subtilis 6160 by N-methyl-N'-nitro-Nnitrosoguanidine treatment as described in previous papers (29, 30) . A flagellaless mutant, B. subtilis 168 (fla-), a derivative strain of SB108, was obtained from M. Simon (10) . The bacteria were usually grown in bouillon-yeast extract (BY) medium (27) at 30 C under strong aeration. For the studies of the bacterial flagella, cells were grown in the medium with gentle shaking at 30 C to avoid detachment from the cells.
Assay of autolytic activity. Autolytic enzyme preparations and cell walls for the assay were prepared by the method of Fan (4) . Cells grown at 30 C were disintegrated by sonic oscillation. Undisrupted cells were removed by centrifugation (1,000 x g for 10 min). Cell walls were collected by centrifugation at 12,000 x g for 10 min, followed several times by washes with TK buffer 10.1 M tris(hydroxymethyl)-aminomethane-hydrochloride, pH 8.0, containing 0.1 M KCI]. The suspensions of cell wall were used as cell wall preparations. Autolytic enzyme preparations were extracted with 3.5 M LiCl in TK buffer from the freshly prepared cell wall preparations. The autolytic activity in the LiCl solution was measured by dilution of it into the suspension of heat-treated cell wall preparations, which were boiled for 5 min to inactivate endogenous autolytic activity. The decrease of turbidity at 540 nm at 40 C in TK buffer was monitored spectrophotometrically. The endogenous autolytic activity in the cell wall preparations was measured by the decrease of turbidity at 540 nm.
Cell wall purification for chemical analyses. Fresh cell wall preparations obtained from cells in the late log phase of growth were boiled in the presence of sodium dodecyl sulfate (SDS) (4% wt/vol) to remove proteins and were lyophilized after several washes with water. The lyophilized powders were subjected to chemical analyses.
Isolation of flagella. Flagella were prepared in two ways. In one case we followed the method of Martinez (15) , in which cells in the early stationary phase grown with gentle shaking were deflagellated in a Waring blender and the cells were removed by centrifugation (1,000 x g for 10 min). The flagella in the supernatant fluid were precipitated by 30% saturation of ammonium sulfate. The precipitate was suspended in 0.01 M tris(hydroxymethyl)aminomethane -hydrochloride buffer, pH 7.5, dialyzed against the buffer, and subjected to diethylaminoethyl-cellulose column chromatography. Flagella were eluted from the column at 0.3 to 0.4 M NaCl. The fractions were pooled and concentrated by centrifugation at 105,000 x g for 60 min. The flagella preparation obtained showed a single band in SDS-disc gel electrophoresis. In the other case, when cells were grown into the late stationary phase under strong aeration and flagella were allowed to accumulate in the culture medium, cells were removed by centrifugation, and flagella in the supernatant fluid were precipitated with 30% saturation of ammonium sulfate and purified by gel filtration on a Sepharose 4B column. The preparation also showed a single band in SDS-disc gel electrophoresis.
To examine the presence of flagella in a large number of strains, flagella in culture fluids were precipitated by cold ethanol (50%, vol/vol), and the precipitates were analyzed by SDS gel electrophoresis.
Rabbit antiserum against flagellin monomer. Rabbit antiserum against flagellum from B. subtilis 6160 was prepared. For the preparation of antiserum against flagellin monomer, freshly obtained flagellin monomer prepared by acid treatment of the flagella was bound to methylated bovine serum albumin in 0.01 M tris(hydroxymethyl)aminomethane-hydrochloride buffer (pH 8.0) containing 0.1 M NaCl to avoid reaggregation of the monomer, as reported by Emerson and Simon (3) . The bound flagellin monomers were injected into albino male rabbits. Bleeding from the leg artery was performed after two biweekly injections (at first 1.0 mg of the sample was mixed with complete Freund adjuvant containing Mycobacterium tuberculosis [Aoyama B], and then 1.0 mg of antigen was mixed with incomplete Freund adjuvant). The serum was prepared by allowing drawn blood to stand at room temperature for 3 h and then at 4 C overnight. The serum was separated from clots and centrifuged at 10,000 x g for 30 min. The antiserum was incubated at 56 C for 30 min to inactivate complement and was stored at -80 C.
Detection of intracellular pools of flagellin monomer. Intracellular pools of flagellin monomer in the mutant YN9 and the parent 6160 were measured by agar gel double diffusion as applied to bacterial lysates by Kerridge (11) .
Procedure of transformation. Transforming DNA was prepared by the phenol (pH 9.0) method of Saito and Miura (19) . Transformation experiments were carried out according to the method of Yoshikawa (31) .
Detection of motility. Motility of cells was detected on a motility plate (8% gelatin and 0.4% agar in BY medium) (10) .
Assay of amylase and protease activity. Amylase activity in culture fluids was assayed by the modified blue value method of Fuwa as described by Yamaguchi et al. (27) . Soluble starch (0.5%, wt/vol) was used as the substrate. Protease activity against casein (0.6%, wt/vol) was assayed by the modified method of Hagihara et al. as described by Uehara et al. (24) .
SDS-disc gel electrophoresis. SDS-disc gel electrophoresis was carried out by the method of Laemmli (13) . Samples were boiled for 5 min in mixtures of 1% SDS and 1% 8-mercaptoethanol, dialyzed against the mixture, and applied to the gel.
Assay of other enzyme activities. Ribonuclease activity was assayed by the modified method of Frish-Niggemeyer and Reddi (7). Alkaline phosphatase activity was assayed by the modified method of Schlesinger (20) . ,-Galactosidase and a-glucosidase activities were assayed by measuring the increase in extinction at 420 nm with p-nitrophenyl O-Dgalactoside (1 mg/ml) and p-nitrophenyl a-D-glucoside (1 mg/ml), respectively. Units of these enzymes are shown by A optical density per hour x 1,000.
Chemical analyses. The contents of phosphorus and neutral sugar in the purified cell wall preparations and protein content were determined according to the method of Ames and Dubin (1) 
RESULTS
Enzyme activities of the parental strain, the mutant, and related strains. The mutant YN9, which has been isolated for hyperproduction of a-amylase, simultaneously showed the hyperproduction of proteases as shown in previous papers (29, 30) , but it exhibits normal spore formation and rate of growth. To define more precisely the production of various enzymes, a-amylase, protease, and ribonuclease as extracellular enzymes and alkaline phosphatase, 1.-galactosidase, and a-glucosidase as cell-bound enzymes, we measured their activities in culture fluids and within the cell extracts. The results are summarized in Table 2 . The mutation increases specifically the extracellular a-amylase and protease production. When the mutation in YN9 was transferred into B. subtilis NA64 by DNA-mediated transformation, the hyperproduction of extracellular a-amylase and protease were transferred, as shown in the case of YY88. The amount of extracellular alkaline phosphatase in strains YN9 and YY88 was considerably reduced, and the production of other enzymes was not changed.
Autolytic activity of the parental strain, the mutant, and related strains. As shown in the previous paper (30) , it has been suggested that autolytic activity in the mutant B. subtilis YN9 is decreased as compared to that of the parental strain of B. subtilis 6160. Autolytic activities in the two strains and others were compared with respect to autolysis of cell wall and resistance to antibiotics.
Since it has been reported that the cell wall of B. subtilis contained autolytic activity (4), autolysis of the cell wall preparations obtained from early stationary-phase cells of the two strains and related strains was compared. The cell wall preparations were incubated at 40 C in TK buffer and decrease of the turbidity at 540 nm was measured by a spectrophotometer at appropriate time intervals (Fig. 1) . The decrease of cell wall turbidity in the preparation from YN9 was one-third to one-fourth that from 6160. When the mutation in YN9 was transferred into B. subtilis NA64, the property of the cell autolysis was also transferred, as shown in the curve for YY88 in Fig. 1 . From the decrease of the turbidity at 540 nm of the cell wall preparations (Fig. 1) , units of autolytic activity (the decrease of turbidity at 540 nm x1,000 per minute per initial turbidity at 540 nm) in each strain were provisionally calculated ( Table 3 ). The same calculations were performed for the other cell wall preparations obtained from cells in the middle log and late stationary phases. These results are also summarized in Table 3 . The activities in the mutant YN9 and in the transformant YY88 that acquired the mutation were one-third to one-fourth that in the parents 6160 and NA64 through every stage of cell growth. Quite small amounts of autolytic enzyme activity were detected in culture media through all growth phases, and no significant difference in the activity was observed.
Two possibilities underlying the difference in the autolytic activity between YN9 and 6160 were considered. (i) It was due to the difference in net amount of autolytic enzyme(s) of the two lytic enzymes were extracted from each cell wall preparation, and heat-treated cell wall preparations were prepared from the mutant and the parent as described in Materials and Methods. Four combinations of the enzyme preparations and the substrates were examined. The results are summarized in Table 4 . The cell wall prep- preparations, or (ii) it was due to the difference in susceptibility of cell walls to the enzyme(s). To elucidate which possibility is the best, auto- arations of the two strains were equally lysed by each of the two enzyme preparations. There are no essential differences between cell walls from the two strains in terms of the substrate for their enzymes. Thus, it became clear that the content of autolytic activity in the mutant would be reduced to one-third to one-fourth that of the parent. Furthermore, this result was supported by resistance to antibiotics. As reported by A. Tomasz et al. (23) , mutants decreased in autolytic activity became generally more resistant to a group of antibiotics that inhibit biosynthesis of cell wall than did the parents. Antibiotics in that group were added to the growing culture of the two strains (6160 and YN9), and the following changes in cell growth were measured with a spectrophotometer. The effect of penicillin on the growth of cells is shown in Fig. 2 as a representative of the antibiotics. When 200 sg of penicillin per ml was added during the log phase, the mutant was more resistant to the drug and was lysed more slowly than the parent. The same phenomenon was also observed upon the addition of ristocetin (10 sg/ml), D-cycloserine (50 ,g/ml), vancomycin (1.2 ,g/ml), and bacitracin (200 jig/ml). An analogous effect was observed when a low concentration of SDS (0.01%, wt/vol) was added to the cultures of 6160 and YN9.
Loss of flagellation in the mutant YN9. To find a possible difference between protein components in the culture fluids of strains 6160, NA64, YN9, and YY88, except the simultaneous hyperproduction of a-amylase and proteases, we examined the protein components in the culture fluids by SDS-disc gel electrophoresis. The photo of the gels stained by Coomassie brilliant blue is shown in Fig. 3 . The major band, shown by an arrow, was observed in the culture fluids of B. subtilis 6160 and NA64, whereas it was not found in those of B. subtilis YN9 and YY88, which possessed the mutation.
The material corresponding to the major band in SDS-disc gel electrophoresis of the B. subtilis 6160 culture fluid was purified from the culture fluid through ammonium sulfate precipitation and gel filtration on a Sepharose 4B column. The material passed through the column and showed a sedimentation coefficient of more than 250S during analytical ultracentrifugation (data not shown). The material fixed with 5% formaldehyde was negatively stained by 1% phosphotungstate and was viewed by an electron microscope (JEOL Ltd., type JEM 7A). They were flagella filaments. Actually B. subtilis 6160 carried flagella filaments (Fig. 4a) , whereas the mutant YN9 entirely lacked them (Fig. 4b) . Authentic flagella filaments of 6160 were purified by the method of Martinez (15) as described above. A single band was observed in SDS-disc gel electrophoresis for the flagella preparation, and it coincided to the major band in the gels shown in Fig. 3 . Thus, the major band in the gels of the 6160 and NA64 should be flagellin monomers (Fig. 3) . Its molecular weight was estimated as about 36,000 by SDS-disc gel electrophoresis. The molecular weight was quite similar to that of B. subtilis 168 (3) as was the amino acid composition (unpublished data).
Joys (10) reported that flagellaless mutants became resistant to the flagellotropic phage PBS1. YN9 resisted infection by PBS1, whereas strain 6160 was infected (data not shown). From these results, it is obvious that the mutant cell cannot produce flagella filaments. by an immunological method. The photo of the double diffusion is shown in Fig. 5 . The supernatant fluids of the lysates from the mutant and the parent formed a single and continuous precipitin line against anti-flagellin serum (Fig.  5) . The precipitin line was also continuous with a line formed by a standard flagellin monomer obtained from flagella of 6160 (data not shown). Therefore, it is suggested that a flagellin pool exists in the cytoplasm of the mutant as well as of the parent, although the possibility cannot be discarded that there was some material in the lysates cross-reacting with the antiserum.
As suggested by the loss of flagellation in YN9, the mutant did not show any motility on the motility plate. A flagellaless mutant, B. subtilis 168 (fla-), a gift from M. Simon, did not show motility. The loss of motility in B. subtilis 168 (fla -) was restored by the DNA from the mutant YN9. The competent cells of B. subtilis 168 (fla -) were prepared, and the DNA from YN9 was added to the cells to give a final concentration of 1 gg/ml. The cells and DNA mixture were spread on BY agar plates containing 100 ,Ag of streptomycin per ml. Six hundred colonies that grew as streptomycin-resistant transformants were inoculated in the motility plates to test their motility. Twenty-six transformants among them showed motility on the plates. The double transformation of streptomycin resistance and motility might be the results of two independent events. When no DNA was added to the competent cells, no streptomycin-resistant colony appeared. This result showed that B. subtilis 168 (flau) and the mutant YN9 were equally nonflagellated, but the loci on the chromosomes for them were different.
Chemical analyses of cell envelopes without flagella. The purified cell walls from both strains in the late log phase of growth were subjected to chemical analyses. Phosphorus and neutral carbohydrate contents derived from teichoic acids of the preparation of the mutant acid, diaminopimelic acid, and glucosamine derived from mureins in the two preparations were almost equal, whereas a few differences were observed in the contents of alanine and galactosamine. Phospholipid compositions of the cells of both strains were almost similar (data not shown).
A clear difference between the protein components of the cytoplasmic membrane preparations from the mutant YN9 and the parent 6160 was observed when they were tested by SDSdisc gel electrophoresis (29) . One protein band disappeared in the preparation from the mutant YN9, although other protein components seemed to be unchanged. However, the mobility of the band of the membrane preparation from the parent 6160 that corresponded to the missing band in the mutant YN9 was quite similar to the mobility of flagellin in electrophoresis. It is conceivable that the band in the parent 6160 was due to the inclusion of flagellin or fragments of it, since a protoplast of B. subtilis carries flagella (26) . It remains unclear whether the mutation will affect a certain protein(s) of the cytoplasmic membrane or not.
These chemical data suggested that there are no essential differences in the chemical constitutents of the two purified cell walls.
Genetic proof that the pleiotropic phenomena were caused by a single point mutation.
That the pleiotropic phenomena were caused by a single point mutation was confirmed by the co-transformation of the pleiotropic effect of its lesion in mutant YN9 and by revertant analysis of the mutant.
The mutation in YN9 was transferred into five transformable strains ( Other wells, which showed no marks, contained buffer. (Table  6 ).
The results suggested that the many kinds of changes in the mutant YN9 were pleiotropic phenomena resulting from a single mutational event, as suggested by the simultaneous hyperproduction of a-amylase and protease (30 (30), the decrease of autolytic activity in YN9 would not be caused by its breakdown by these increased proteases, because many transformants of B. subtilis 6160 which acquired high productivity in alkaline and neutral protease showed a normal level of autolytic activity (unpublished data). The second distinct difference between mutant YN9 and parent 6160 was the loss of flagellation in the mutant. The loss of motility should be caused by the absence of flagella. Flagellin synthesis in Salmonella and Escherichia coli is dependent on the presynthesis of cell wall polymer, because a spheroplast induced by penicillin can no longer synthesize flagellin and, in partially induced spheroplasts, flagella are attached only where cell wall remnants remain (25) . In deflagellated cells of Proteus vulgaris the presence of intact cell wall is necessary for the regeneration of flagella (14) . In view of the relation of cell wall to the formation of flagella, the participation of autolysin(s) in the organization of flagella could not be discarded. The loss of flagellation in mutant YN9 would not be due to the failure of flagellin synthesis, because flagellin pools were detected in the mutant cells as well as in the parent cells by immunological double diffusion (Fig. 5) . The mutation site in mutant YN9 was different from that for the loss of flagellation in the flagellaless mutant of B. subtilis 168 (fla-).
Thirdly, the hyperproduction of extracellular enzymes may be attributed to the other two phenomena or to either of them. It is, however, also possible that these three phenotypes would be affected by some product or its defect directed by the mutation. From the above considerations, it is suggested that a group of extracellular proteins consisting at least of a-amylase, proteases, flagellin, and autolytic enzyme(s) seem to be coordinately regulated by the gene for their appearance on cell surface or to be affected coordinately by certain undetected alterations of the cell envelope.
The introduction of a certain R factor in Proteus mirabilis has been reported to increase the production of protease by this organism, to reduce swarming ability, and to render it susceptible to sodium deoxycholate (9) . A mutant of Caulobacter crescentus that lacks a flagellum and pili and may have simultaneously acquired an abnormal DNA phage receptor has also been reported (12) . Mutant YN9 resembles the two organisms in the pleiotropic phenomena which appear to be unrelated to each other but all of which are involved in the production of extramembranous proteins. At this stage it would be quite difficult to reveal the relationships underlying the pleiotropy directed by the mutation in YN9.
